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Optimization of a new flow design for Solid Oxide Cells using Computational Fluid Dynamics modelling
Introduction
Solid oxide cells (SOC) are electrochemical systems capable of operating in fuel cell mode (solid oxide fuel cell -SOFC) and electrolyzer mode (solid oxide electrolyzer cell -SOEC). In SOFC mode hydrogen, carbon monoxide, or hydrocarbons are oxidized, thereby generating electricity, whereas, in SOEC mode, water or carbon dioxide are reduced to fuels/chemicals by consuming electricity.
Solid oxide cells are considered a promising energy technology because of their high theoretical efficiency (due to the high operating temperature of 850 to 1200 K) in both SOFC and SOEC mode [1] . In order to achieve the high theoretical efficiency, the flow in the cells must be close to uniform. If the flow is not uniform, the conversion in some channels/areas of the cell will be higher than others. If the SOFC is running on hydrogen, Ni might oxidize to NiO due to high local concentrations of water [2] . In SOEC mode, during CO2-electrolysis or CO2/H2O co-electrolysis, carbon might be formed via the Boudouard reaction due to high local concentrations of CO [3] . Additionally, a non-uniform flow also contributes to thermal stress within the cell since the heat effects of reaction become unevenly distributed [4] [5] [6] .
The flow in SOCs has been widely studied, with U-and Z-type manifold and parallel channels being favored by most researchers [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In U-and Z-type SOCs the parallel channels are fed from a single manifold. In U-type flow, the channels nearest the inlet/outlet receive more flow than the channel farthest away from the inlet/outlet. In Z-type flow, the parallel channels nearest and farthest away from the inlet receive roughly the same flow, whereas the center channels will receive a lesser flow than the outer channels [12] . To improve the inherently poor flow distribution with these designs, the cross section of each parallel channel can be changed [18, 19] or the manifold geometry can be changed [12] .
An alternative design to the U-and Z-types is to have gas inlet/outlet holes in front of the parallel channels and adding barriers that distributes the gas into the parallel channels [20] [21] [22] . In this article the flow distribution in a commercial SOC cell design [22] using barriers to distribute the gas flow is investigated and optimized using CFD modelling. The effect of the flow non-uniformity on the maximum overall conversion is also investigated. We show that such a design can be optimized to obtain a more optimal design than achievable by Z or U type designs.
Other designs than U-and Z-type, such as serpentine, interdigitated flows [23, 24] , subset of U-and Z-type geometries [25] and pin type flow cells [26] has also been investigated in the literature [27] [28] [29] [30] . However, the pressure drop in serpentine and interdigitated flow quickly increases to the order of a few bars for larger fuel cells [31, 32] , and the pressure drop in geometries using subset of U-and Z-type is generally higher than single U-and Z-type [25] . In general parallel channels has the lowest pressure drop [33] and parallel channels are therefore of higher interest than the other designs for SOCs.
For low-temperature fuel cell technologies, like Proton Exchange Membranes (PEM), another important aspect is water management, in order to assure that the fuel cell is not flooded [7, 30, [34] [35] [36] [37] [38] . In this article we have focused on SOCs where water flooding is not an issue, and thus we will not investigate water management in our design. Figure 1 shows the structure of the SOFC/SOEC cell used in this study. The cell consists of 5 layers: Air electrode, air channel, fuel channel, fuel electrode and electrolyte. An interconnect is placed between the air and fuel channel with the purpose to connect the air and fuel electrode electrically and to distribute the gas evenly to the entire electrode. In this study an interconnect shape with parallel channels is used. Here the gas is divided into the parallel channels, and the ribs ensure electrical contact between the interconnect and the electrode. In this paper we are only concerned with the fuel flow. The fuel channel layer consists of 45 parallel channels, each 1 mm wide and with a height of h = 0.3 mm, separated by 1 mm wide ribs.
Nomenclature
Fuel gas (typically CH4 or H2 in SOFC and H2O/CO2 in SOEC) is entering through a manifold of three tubes (which are formed when single cells are assembled to form the stack) to the left in Figure 2 , moves through a barrier, hereafter called gas distributor, and is distributed to all the parallel channels (see insert of Figure  1 ). Purge flow (typically air) is entering through holes at the left side of the cell and exiting through holes at the right side of the cell. In a stack several cells are placed on top of each other, however only the flow in the fuel channel layer is modelled in this study. Furthermore, the flow in the stack manifold (the pipes with in the cell shown in Figure 1 ) is not included in the model. . The model is a 3d model where the height (z-dimension) of the interconnect is 0.3 mm. Previously, 2d models with different approximations have been used [8, 31, 32] , while other have applied 3d models in order to avoid the uncertainty introduced by the approximations when reducing to a 2d model [11, 16, 39] . Since the computational time of our model was relatively low (2-5 minutes on an Intel Xeon E5-2637 CPU with 3.5 GHz), we only considered the 3d model. 
Computational methods
The flow in SOCs under operation is affected by electrochemical reactions and temperature gradients (causing density and viscosity changes). These changes are often disregarded in studies of the flow uniformity [8, 32, 39, 40] , and we will also assume isothermal and non-reacting incompressible flow. The validity of these assumptions is evaluated in section 3.8.
Flow
The flow is assumed steady and is modelled with the steady state form of the continuity equation and momentum equation:
Here ρ is the density, u is the velocity vector, p is the pressure, I is the unity tensor, and is the viscous stress tensor. The viscosity and density are fixed at the values of air at 1000 K ( = 0.35 kg⋅m ).
Boundary conditions
An inlet gauge pressure, pin, of 150 Pa is specified at the inlet surfaces and on the outlet surfaces a gauge pressure of pout=0 Pa is specified (see Figure 2 ). On all solid walls, a no slip condition is applied, except for the surfaces touching the horizontal line in Figure 2 . Here a symmetry condition is applied. The symmetry condition was validated by modelling two-third of the cell with the parameters for the optimized design presented in section 3.4, and the two models were found to give identical flow profiles.
Measure of flow uniformity
Different measures of the flow uniformity/non-uniformity have been used in the literature. Flow uniformity indices, defined by either (3) [16] or (4) [39] have been used by some authors, whereas others have used a non-uniformity index, Fnu [12, 32] . The flow uniformity indices Fu and Fu2 are identical if all single channel areas (and the density of the gas in each channel) are the same.
For a perfectly uniform flow, the flow uniformity index will be 1 and the non-uniformity index will zero. For non-uniform flow, the indices will be in the interval ]0,1[.
Flow non-uniformity index
Which flow index to use depends on the purpose of the optimization. If it is important that all reactants entering the channel are converted, the operating limits would be determined from the channel with the highest flow. In this case Fu should not be used. A high flow in a single channel would only affect Fu to a 7 minor degree, whereas Fnu would be highly affected. If unwanted side reactions take place at high product concentrations, the operating limits would be determined by the channel with the lowest flow. In this case, Fu should be used because it is directly affected by the minimum flow.
In SOFC with pure H2, the produced H2O might oxidize Ni to NiO at high H2O concentrations and in SOEC mode, during CO2 and co-electrolysis, solid carbon might form via the Boudouard reaction at high product concentrations [3, [41] [42] [43] . The current model is therefore optimized with respect to Fu.
Mesh and solver settings
The mesh was build using cuboids in the parallel channels and tetrahedrons everywhere else. The crosssections of the parallel channels were divided into squares, from which the cuboids were created by sweeping the channels. The size of the squares was found by dividing the height and the width of the channel with an integer, where a value greater than 7 was found not to influence the results. The sweeping was conducted using COMSOL's built-in sweep function with the predefined "Coarser" setting. This resulted in cuboids with a size of approx. 5.3 mm x 0.14 mm x 0.04 mm.
The tetrahedrons were created using COMSOL's built-in tetrahedral function with the predefined "Finer" setting and a z-direction scale of 2. All other settings were kept at standard values.
The mesh was tested by coarsening and refining the predefined settings, and it was found that a further refining than the above resulted in change of less than 0.05 % to the Fu value.
The simulations were carried out with the MUMPS solver with the fully coupled constant Newton method (damping factor = 1). All other solver settings were kept at their default values (e.g. the relative tolerance was 0.001).
The average velocity in each channel was extracted using COMSOL's built-in average component coupling function.
Results and discussion

Scope of optimization
The geometry presented in Figure 1 has a large range of optimizations. The number of inlet holes and channels could be changed, the geometry of the distributor and channels could be changed and a completely different design of the distributor could also be used. In order to limit the optimization possibilities, the scope of the optimization was restricted to values of the parameters wcc, wsc and wb. This has several advantages: The purge flow is unaffected and the same cells, seals and external pipe connections can be used. In the following, the effect of the parameters will be illustrated, an optimized design will be constructed, the effect on reaction extent will be calculated and the effect of manufacturing tolerances on the optimized design will be evaluated.
Figures showing the velocity field and pressure distribution are available as supplementary material. 
Effect of gas distributor dimensions
The influence of the dimensions of the gas distributor was investigated by changing wsc and wcc (see insert on Figure 3 ). From the geometry, it is clear that when wsc<wcc, the outer channels will obtain a significantly lower flow than the center channels, leading to a poor flow distribution. The parameter is therefore introduced, with the constraint > 1: Figure 3a shows the effect on Fu of changing wcc and . The figure shows that a maximum in the flow uniformity exists for an intermediate value of . The reason for this is that at lower levels, the outer channels (channel 1-4) obtain less flow than the center channels. Increasing increases the flow to the outer channels and reduces the flow to the center channels. However, as increase above a certain value the flow reduction in the center channels only causes an increase of the flow to channel 5 and 12 ( Figure  3b ). The value of  at which the flow uniformity is maximized, decreases with wcc from 4-5 at wcc = 0.4 mm, to 2 at wcc = 1 mm. For wcc = 0.2 and 0.3 mm the optimum  is lower than that at 0.4 mm. Furthermore, for wcc = 0.2 mm, a sharp optimum is observed ( = 2.5) and for wcc = 0.3 and 0.4 mm the flow uniformity reached a plateau. However, if  is further increased, the flow uniformity decreases for wcc = 0.3 and 0.4 mm as well (not shown). The sharp optimum for wcc = 0.2 mm is explained by the fact that at such small width the inlet pressure is not enough to push sufficient gas to the center channels when > 2.5, even though some gas will be forced from the side channels, around the distributor, into the center channels. The resulting flow in the center channels is therefore lower than that of the side channels (especially channel 5).
Overall, the maximum obtainable value of Fu is located at wcc 0.3 and = 3.5 when wb is fixed at 2 mm. 
Effect of increasing the header width
To further increase the flow uniformity the influence of header width, wb, before channels 1-4 and 13-15 (see insert on Fig. 3 ), was investigated ( Figure 4a ). The ribs between channel 5 and 6 and between 11 and 12 are not changed. This means that these two ribs act as constrictions for the side channel flow to enter the center channels. The combinations of wcc and  were based on the maximum points in Figure 3 and the optimum value of wb was found to vary with wcc and . Increasing wb leads to more flow in channel 1-4 and channel 12-15 ( Figure 4b ). Since especially the flow in the outer channels is low when wb is equal to 2 mm, increasing wb increases the flow uniformity, until the flow in channel 6-11 becomes lower than the flow in channel 1-4. 
Optimal design
To investigate the combined effect of the three parameters, bounds for the three parameters were defined (Table 1 ) and the parameter space was explored using Monte Carlo simulations. The Monte Carlo method was selected to reduce the risk of finding a local maximum point and additionally has the advantage that all the calculations could be performed in parallel, i.e. using a computer cluster. 300 Monte Carlo simulations were performed and the optimal design (highest Fu value) was found to be located at wcc, and wb equal to 0.9 mm, 4.66 and 7.2 mm, respectively, with Fu = 0.978. The normalized flow in each channel is plotted in Figure 5 . It can be seen that the flow is close to being identical for all 11 channels. Channel 1 still receives the least amount of flow and channel 5, 12-13 the most. However, the deviations are now very small compared to those in Figure 3b and Figure 4b . The uniformity in flow can also be seen in the pressure. Figure 6 shows the pressure drop across channel 1 and the differences between channel 1 and channel 5, 8 and 15, respectively. It can be seen that the pressure differences for the channels are small. It can also be seen that approximately one-tenth of the pressure drop is taking place in the inlet and outlet manifold (approx. 10 Pa pressure drop in each). The pressure is investigated further in the next section. Other designs with similar Fu values were also found. To illustrate this, the designs were plotted in Figure 7 .
In the figure, the data points are projected onto two-dimensional planes. Figure 7a contains all 300 data points, and Figure 7b contains only the data points with FU > 0.97. The value of 0.97 was selected to include a sufficient number of data points to illustrate the correlation between the parameters, while the rest of the data points was excluded for clarity. From the figure it can be seen that there is a correlation between wcc and wb and to a minor extent between wsc and wb. The figure shows that an increase in wcc (which leads to more flow in the center channels), can be compensated for by an increase in wb. When wb is around 4 mm, the optimum wsc value is around 2.5 -3 mm. As wb increase, the span of optimum values for wsc increases to 2.5 -4.5 mm. This means that as long as the combination of wcc and wb is reasonable, the exact value of wsc is of less importance (as long as it is within the span defined above).
The model is simplified (isothermal, non-reacting and incompressible flow), meshed with a certain refinement and geometrically restricted to the cell, thus an optimal design for non-isothermal, reacting and compressible flow may differ somewhat from the optimized result under simplified conditions Also, since the performance in terms of flow uniformity is almost identical for the local maxima, a preferred design can be chosen by evaluating other properties than the flow uniformity, such as the total pressure drop over the cell. 
Underlying factors
As stated previously the purpose of the distributor (and also header width) is to distribute the gas evenly to all the parallel channels. For the optimized design, it can be seen (Figure 6b ) that the lengths of all the channels are approx. the same and that the pressure difference within the header section (i.e. excluding the gas distributor) is less than 4 Pa (Figure 6a ). Since the pressure applied to each channel and the channel length is approx. the same, the resulting flow will also be close to identical and a high Fu value will be obtained.
When the parallel channels have a varying length, the pressure in the header must be higher for long channels compared to short channels. However, it is hard/sometimes impossible to get a precise nonuniform pressure distribution in the header section. Figure 3 illustrates how only a local-maximum, for the design shown in Figure 1 , can be achieved with parallel channels of uneven length. Parallel channels of uneven length may be necessary when maximizing the active area, but from a flow point-of-view parallel channels with identical length are preferred. Table 2 lists the average pressure, standard deviation of the inlet pressure to each channel relative to the average pressure (∑( , − )/ ), pressure drop ratio (pressure drop in the parallel channels over the total pressure drop) and Fu for several cases (rows 1-6 are also shown in Figure 3b and Figure 4b ). It can be seen that when α is increased (row 1-3), the average pressure before the channels is also increased. This increase the ∆P channels /∆P total ratio and also Fu. The reason for this is that the cross section of the distributor becomes larger and the pressure drop over it therefore decreases. From row 4-7 it can be seen that when the header width is increased, the pressure drop ratio does not change much, but the relative standard deviation decreases and Fu increases, until a certain value of wb (here between 5.7 and 7.35 mm). This is because the length of the channels becomes more uniform and the flow resistance in the header decreases due to the larger value of wb. After a certain value of wb, the pressure drop ratio decreases (since more flow is going through the side channel, the pressure drop in the header section increases). This can also be seen more generally in Figure 7 and section 3.4,where a correlation between wcc and wb is described. To reach an optimized design (row 8), the pressure must be uniform (low standard deviation) and the ∆P channels /∆P total must be high.
It is commonly acknowledged that the pressure drop in the manifold should be significantly lower than that over the cells in a stack to ensure a uniform flow distribution to the cells [16, 32, 39, 40] . This is analogous to obtaining a uniform flow in industrial fixed bed reactors and multiple tubular reactors (after the pressure drop in each tube has been adjusted to a common value). For such reactors, a uniform flow can be obtained as long as the pressure drop in the inlet and outlet hood is lower (more than one order of magnitude) than the pressure drop in the tubes [44] [45] [46] . Plotting FU as function of pressure drop ratio (added as supplementary material) shows that high Fu values can only be obtained with high pressure drop ratio and that the length of the channels should be approx. identical (Wb should be high).
Based on this, our recommendation for designing a distributor for parallel channels is to use parallel channels with equal length and ensure that the pressure drop ratio is high (preferably the pressure drop in the channels should be one order of magnitude higher can that of the distributor). Similarly, for U-and Ztype designs, the pressure drop in the channels should be significantly higher compared to the manifold/header section.
Tolerance to errors in manufacturing
During manufacturing the production of the geometries will be within certain tolerances, e.g. defined in industry standards such as ISO 2768-1. However, minor changes in the dimensions of the distributor might alter the flow significantly. According to ISO 2768-1 a tolerance of ±0.05 mm is normally a permissible deviation when working with linear dimensions up to 3 mm in the "fine" tolerance class. Based on the optimized design (wcc, and wb equal to 0.9 mm, 4.66 and 7.2 mm, respectively) all combinations of wcc, wsc, and wb ±0.05 mm were tested and the lowest value of Fu was found to be 0.976. When the uncertainty was increased to ±0.1 and ±0.2 mm, the lowest value of Fu was found to be 0.975 and 0.970, respectively. The design of the gas distributor is therefore robust towards deviations in the geometry caused by tolerance errors in the manufacturing of up to twice of the value allowed in ISO 2768-1.
Effect of flow rate
The effect of flow rate on the flow uniformity and pressure drop was investigated ( Figure 8 ) and it was found that the effect on flow uniformity was small, whereas the pressure drop increased linearly with the flow rate. The result shows that the design is capable of handling quite different flows without significant changes in the flow uniformity. This is important for an SOC operating under varying conditions. Examples of this include SOFCs operating with changing load depending on the demand or SOECs used for storing excess electrical energy in chemical species. A similar response was observed for the other designs (not shown). Investigation of the pressure profiles at the high flow rates (not shown) showed that the decline in flow uniformity was due to different changes in the pressure drop in the center channel and side channel of the distributor. The pressure drop in the center channel increased more than in the side channels and this caused a large fraction of the flow to move through the side channels and thus relatively less flow is supplied to channels 8 and 9 (see Figure 2 ) through the center channel of the distributor. So, if the design is to be used at higher flow rates than approx. 1 NL min -1 per cell the distributor should be re-optimized. 
Effect of assumptions and flow property parameters
The simulations have been performed assuming an isothermal, non-reactive and incompressible flow (which is similar to others [8, 32, 39, 40] ). In this section we will explore the validity of results based on these assumptions.
Effect of the flow parameters (viscosity and gas)
The optimization was performing using the viscosity and density of air at 1000 K. To verify that the optimized design is also good for other gasses and temperatures, the flow property parameters were calculated at 900, 1000, and 1100 K for air, H2 and CO2 and corresponding Fu values were computed. H2 and CO2 were selected because these are respectively the lightest and heaviest gasses commonly used in SOCs (disregarding hydrocarbons higher than methane). The simulations showed no change in the Fu values.
Effect of non-isothermal conditions
Bi et al. [39] found that, when applying a linear temperature increase of 200 K between the inlet and the outlet of a SOFC and assuming a uniform rate of the chemical reactions across the channels, the difference in flow rate distribution compared to the isothermal and non-reacting flow case was less than 1 %. Using similar conditions as Bi et al. (T=200 K from 650 °C to 850 °C, 65 % w/w H2, 35 % w/w H2O, 85 % conversion and an uniform rate) we found a difference of Fu of less than 0.03 %.
Often a non-linear temperature profile between the inlet and outlet is observed in SOC, especially if a cross-or counter flow is used, or if the heat transfer from side of the cell to the surroundings is significant [47] [48] [49] [50] . In the literature temperature differences between the edge and the center of the cell has been reported to be in the range of 5-10 K cm -1 depending on the operating conditions and design in SOFC mode [49] [50] [51] [52] . In SOEC mode the cell can be run endothermic, thermo-neutral, and exothermic which means that the temperature in the center of the cell can either be lower, the same or higher than the edge. In the literature values in the range of -2 to 10 K cm -1 has been reported [53] . Using an in-house model (not presented) we obtained values in the same range.
Effect of reaction present
To investigate if the temperature difference in the y-direction (see Figure 1 and Figure 2 for axis orientation) is affecting the flow uniformity, we applied a temperature gradient of -5 to 15 K cm -1 in the y-direction for the channels and fixed the temperature at the edge to 1000 K. When air was used as the fluid the effect on Fu was less than 1 %. It would be more correct to include the effect of the temperature on the current density also. However, the relationship between the current density and temperature is not straightforward and a rigorous calculation of the current density is outside the scope of this article. Instead of a rigorous calculation, we have used the Butler-Volmer equation to approximately calculate the increase of the current density w.r.t. temperature.
The Butler-Volmer equation is given as [54] :
where Jo is the exchange current density, a is the charge transfer coefficient, z is the number of electrons transferred and nact is the activation overpotential. Jo can be expressed as [54] 0 = γ exp (− ) (8) Using the values given in the literature for the hydrogen-water reaction [54, 55] , an increase in the current density of 14 % was found when increasing the temperature from 1000 K to 1010 K and maintaining the same activation overpotential (0.25 V based on [54] ).
In order to include the effect of the temperature on the current distribution, we assumed that the fuel cell was fed with a 65 % w/w H2, 35 % w/w H2O gas mixture and 50 % conversion of H2 in SOFC mode. In SOEC mode we assumed a feed with 35 % w/w H2, 65 % w/w H2O gas mixture and 50 % conversion of H2O. The maximum change in Fu given these operating conditions was less 1 %. This number is based on the assumptions above and the model presented in section 2. It therefore appears that violation of the assumptions does not change the flow significantly.
However, if an entire cell is modelled instead, a temperature gradient of only 5 K cm -1 in the y-direction (from y = 0 mm 45 mm (half the cell width) and -5 K cm -1 from y = 45 mm to 90 mm) results in a change in the flow uniformity of more than 1 % (using the same conditions as for the 1/3 of the cell above). The reason for this is that the absolute temperature difference for a whole cell is higher than for 1/3 of the cell.
We therefore advise that the results found in this study are only applied to cells operating with low temperature gradients in the y-direction. Such operation is possible. Work regarding the understanding and reducing of heat transfer from the stack to the surroundings has been carried out and is of critical importance when designing SOC systems [6, [56] [57] [58] [59] . Forschungszentrum Jülich also demonstrated a 5kW SOFC stack with very low temperature gradients in the y-direction [47] . In SOEC mode, the stack can be operated thermo-neutral, which means that the net heat generation is zero and no temperature gradient in either the x-or y-direction is present [60, 61] (assuming sufficient insulation of the sides or that the stack is operating in an oven).
3.9
Effect of flow non-uniformity on possible reaction extent
The level of flow uniformity limits the maximum allowable extent of conversion of reactants in the cell, before unwanted side-reactions take place. In SOFC the unwanted side-reactions are oxidations of Ni to NiO and in SOEC unwanted side-reactions cause carbon formation (Table 3 ). Since the current density is (almost) constant in the y-direction when the cell is run in co-or counterflow configuration and temperature effects from the side of the stack are ignored, the number of moles converted in each channel will be the same. The number of moles per unit time entering a channel is given by (9) . By using this equation, the conversion in each channel and the overall conversion can be expressed by the flow uniformity index and the maximum conversion allowed in the channel with the lowest flow, Xmax.
Moles reactant per time fed to channel i
When side-reactions are ignored, the maximum conversion allowed is 100 %. With the optimized gas distributor design (flow uniformity index equal to 0.978) the conversion in the channel with the highest flow is 95.6 % (calc. with (10) ) and the overall conversion is 97.8 % (calculated with (11) ).
In SOFC the conversion is limited by the risk of oxidizing Ni to NiO by the formed products [62] . Oxidation would damage the electrode due to volume expansion, eventually destroying the cell. The oxidation is thermodynamically unfavored when a small amount of reducing species (CO or H2) is present. At 1000 K the Ni oxidizing reaction by H2O is thermodynamically unfavored when the gas mixture contains at least 0.5 % H2 (using the thermodynamics given in [63] ). This means that, for a pure hydrogen fueled SOFC, Xmax is equal to 99.5 %, the overall conversion (calculated with (11 and using the flow uniformity index of the optimized gas distributor design) is 97.3 % and the conversion in the channel with the highest flow is 95.2 %.
During CO2-and co-electrolysis solid carbon can be formed. The carbon is typically whisker carbon, causing delamination of the electrode and electrolyte. In CO2 electrolysis the carbon formation is thermodynamically favored for conversions above 74.5 % at 1000 K (using the thermodynamics given in [64] ). This means that the overall conversion is limited to 72.9 % and the conversion in the channel with the highest flow is only 71.2 %. If a design with less uniform flow is used, e.g. the design in Bi et al. [39] , the overall conversion is limited to 67.8 % (for Fu = 0.91). This shows that the flow uniformity has a significant effect on the possible overall conversion.
The above calculations are only strictly valid under the assumption of isothermal and non-reacting flow. However, as shown in section 3.8 the results are nevertheless applicable as long as there is no temperature gradient in the y-direction.
Conclusion
The optimal design of a special gas distributor to distribute the feed gas into parallel channels of a solid oxide cell has been investigated with CFD modelling. An optimized design was achieved by changing three geometrical parameters (wcc = 0.9 mm,  = 4.66, wb = 7.2 mm) in the gas distributor reaching a flow uniformity index of 0.978. The optimization was performed using 300 Monte Carlo simulations and a soft maximum was found. Since the maximum is soft, the optimized design can be further tuned by including e.g. pressure drop in the optimization penalty function.
A temperature gradient of 5 K cm -1 in the direction perpendicular to the flow in the channels was found to influence the calculated flow uniformity, whereas a temperature gradient in the x-direction of up to 15 K cm -1 did not affect the flow uniformity. Thus, the findings in this study are only valid for cells with low temperature gradients in the y-direction.
The design is robust towards variations in the manufacturing process since variations in the optimized parameters of ±0.05 mm only lower the flow uniformity marginally from 0.978 to not less than 0.976. Since flow uniformity dictates the possible overall conversion, the optimized design allows for a higher overall conversion than the non-optimized design. In the optimized gas distributor design, the maximum allowable average conversion (to avoid carbon formation) is only reduced by 2.3 percentage point compared to the situation with ideal flow distribution. In CO2 electrolysis this corresponds to an overall conversion of 72.9% with the optimized design compared to the theoretical maximum of 74.5%.
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